Abstract. The lack of good molecular markers for diagnosis as well as treatment assessment has rendered the hepatocellular carcinoma (HCC) a major challenge in health care. In this study, woodchucks were used as an animal model for hepatitis virus-induced HCC, and gene expression studies were performed using a human oligonucleotide microarray. An analysis approach combing supervised significant analysis of microarray (SAM), prediction analysis of microarray (PAM), and unsupervised hierarchical cluster methodologies statistically determined 211 upregulated and 78 downregulated genes between liver cancer and non-cancer liver tissues, and demonstrated ≥93% accuracy in classifying the tissue samples. RT-PCR results confirmed the differential expression of selected sequenced woodchuck genes (SAT, IDH3B, SCD) in the microarray. Our study showed that differentially expressed genes were involved in transcription, RNA splicing, translation, cell cycle, metabolism, protein folding and degradation, apoptosis, immune response, metal binding, etc. Interestingly, some genes were involved with signaling pathways such as Ras/MAPK (MAPKAP1), Src-dependent pathways (CSK), hedgehog signaling pathway (HHIP), while Wnt signaling pathway may not be dominant in woodchuck HCC as shown by the downregulation of ß-catenin (TNNB1) and the upregulation of CXXC4 and CSNK2B. Numerous genes found in this study were also differentially expressed in human HCC and many other human cancers including breast, prostate and lung cancers, etc., serving as tumor suppressors, promoters, prognostic markers or chemotherapy targets. In conclusion, this study has demonstrated the robustness of the data analysis and the potential of using human microarrays on woodchuck samples. In particular, some of the differentially expressed genes in the woodchuck HCC can be further explored for possible molecular imaging targets or biological markers in human HCC.
Introduction
Primary hepatocellular carcinoma (HCC) is the fifth most common malignancy in the world and the third most common cause of cancer-related death (1) . It is most prevalent in some of the Asian and African countries, but the incidence of primary liver carcinoma in Western countries is on the rise in the past decades. HCC usually results from the chronic inflammation caused by hepatitis B virus (HBV), hepatitis C virus (HCV), or long-term exposure to alcohol or dietary aflatoxin B1. Despite the progress made in clinical studies, the molecular pathogenesis of HCC is still not well understood (2) . Moreover, the overall 5-year survival rate is only about 3-25%, due to late diagnosis, high recurrence rates (84% within 3 years after hepatectomy), and metastasis (3) . The lack of molecular markers to characterize tumorigenesis and progression poses a major obstacle for effective diagnosis, prognosis and treatment of HCC.
Patients chronically infected with HBV are among those with the highest risk for developing HCC. The studies of hepatitis B induced carcinoma have been mostly focused on human beings. The Eastern American woodchuck (Marmota monax) can develop hepatocellular carcinoma with a high prevalence within the first 2-4 years of life when infected with woodchuck hepatitis virus (WHV) at birth (4, 5) . WHV virus is similar to human HBV in both structure and replicative cycles. In addition, the WHV-induced liver carcinoma has similar pathology and natural history to human HCC (4, 5) . The woodchuck has proved to be a valid animal model for therapy of hepatitis B infection and human hepatoma, as well as for development of new imaging agents for enhanced detection of hepatic neoplasm by ultrasound and MRI. It also has great potential in the investigation of the viral and molecular mechanisms responsible for hepatocarcinogenesis, in the studies of molecular imaging as well as in the development of cancer treatments (4, 5) .
Microarrays have been extensively used on human HCC to examine the expression levels of thousands of genes simultaneously. This technique provides new insights into the molecular mechanisms of biological processes underlying the development and progression of HCC, can efficiently and accurately detect multiple foci and screen for potential diagnosis and therapeutic markers. However, up to date, only a small fraction of woodchuck genes have been sequenced and no commercial microarray is available to study gene expressions in woodchucks. A cross-species hybridization analysis is one way to use on odd species. Some groups succeeded in using human Affymetrix GeneChips ® on porcine samples (6, 7) . In particularly, another group demonstrated the feasibility of using commercially available human nylon membrane arrays on normal woodchuck liver samples (8) .
Recently, our lab demonstrated the feasibility of the use of commonly available human oligonucleotide Affymetrix GeneChips ® on woodchuck HCCs versus surrounding liver samples (9) . In that study, gene expression profiles of the paired woodchuck HCCs and surrounding hepatic tissues were analyzed by GeneChip Operating Software from Affymetrix (GCOS). However, limited data sets, requirement for paired samples by GCOS, as well as the lack of a statistic analysis method for different pairs were some of the limitations. As a continuing effort, more samples were acquired and used for microarray experiments in the present study. Based on GCOS, supervised and unsupervised analysis methods, including significant analysis of microarray (SAM), prediction of analysis of microarray and hierarchical cluster, were further applied to statistically determine the differentially expressed genes and examine the accuracy of data analysis. By analyzing the differentially expressed genes in the woodchuck samples obtained from human microarray and RT-PCR, this work provided some insight into gene expression profiles and identified genes that could be potential targets for molecular imaging.
Materials and methods
RNA isolation. Woodchucks (acquired from Cornell University) were euthanized after PET imaging (reported separately). Liver tissues were immediately removed from the animals, snap frozen in liquid nitrogen and stored at -80˚C. RNA was extracted with RNeasy Midi Kit from Qiagen (Valencia, CA) according to the recommended protocol. Prior to microarray experiment, the RNA integrity number (RIN) was measured using a Bioanalyzer 2100 from Agilent (Palo Alto, CA).
Preparation of cRNA and microarray hybridization. Total RNA was given to the Gene Expression Array Core Facility at Case Western Reserve University. cRNA was prepared and hybridized to Affymetrix Human U133 plus 2.0 Gene Chips (Santa Clara, CA) according to the manufacturer's instructions.
Microarray data analysis. Two sample t-tests of quality control data were performed using Microsoft Excel. The hybridization results were first scaled to a target value of 15 using GCOS 1.2 from Affymetrix, and the differential gene expression of the HCCs versus the surrounding hepatic tissues was analyzed for each sample pair. A gene was considered upregulated in the HCCs if it was labeled as 'present' or 'marginal' in the HCC and if the fold change was 'increased' or 'marginally increased' according to GCOS. A gene was considered downregulated if it was labeled as 'present' or 'marginal' in the surrounding liver tissue, and if the change was 'decreased' or 'marginally decreased' in the HCCs. The call status of a gene in any of the two healthy livers could be used on the tumor-free tissue samples in order to favorably include more differentially expressed genes. Microsoft Excel and Access were used to extract the significant results. The genes that were differentially expressed in less than 2 sample pairs (out of 6 pairs) were not considered. The remaining genes were further analyzed by SAM (developed by the Stanford University). The data from SAM were used for PAM analysis and hierarchical cluster. The miscalculation errors as well as the cross-validated probability of the samples were computed using PAM by leave-out cross validation method.
RT-PCR. Available gene sequence information for woodchucks was found in the Nucleotide Database in the National Center for Biotechnology Information website (www.ncbi. nlm.nih.gov). The optimal TaqMan ® primers and probe sequences for our genes of interest were designed and produced by Applied Biosystems (Foster City, CA) as listed in Table I . The primers, probes and the total RNA were given to the Gene Expression Array Core Facility. A 384-well plate set up was used on a PRISM ® 7900HT Sequence Detection System from Applied Biosystems to perform RT-PCR. Table II , the integrity number of all the extracted RNA samples was greater than 7.5, indicating that these RNA samples can be used for microarray experiments. It was found by GCOS that approximately 10% of human genes were present or marginally present in the woodchuck liver samples. The percentage of genes called 'present' or 'marginal' in the woodchuck tumor tissues was not significantly differently from that in non-tumor woodchuck liver tissues (P=0.06).
Results

Quality control. As shown in
SAM analysis of differentially expressed genes. GCOS identified 615 gene probe sets that may distinguish HCCs from non-tumor liver tissue specimens. These genes were imported into SAM to statistically determine the significantly upregulated or downregulated genes. Table III shows the parameters used for SAM analysis. As the ‰-value increased, fewer significant genes were found with a lower false discovery rate (FDR), indicating that fewer genes were likely to be falsely identified. In this study, we chose a ‰-value of 1.0 and a fold change of 1.5 as a criterion, leading to 265 upregulated and 79 downregulated gene probes, which corresponds to 211 upregulated and 78 downregulated genes, respectively, in the woodchuck tumor tissues. As a result, false discovery analysis indicated a false-positive error of 0.18%, which was reasonably low.
Hierarchical cluster, tree view and PAM analysis. Based on the genes we obtained from SAM, hierarchical cluster method was used to classify the samples. As shown in Fig. 1 , most of the tumor and non-tumor samples could be correctly identified with the only exception that W6380N (a surrounding hepatic sample) was falsely classified as a tumor tissue. We further analyzed the gene expression data using PAM. As shown in Fig. 2 , the miscalculation error was almost the same until the shrinkage parameter reached 3.5. At shrinkage values ≥3.5, less than 5 genes were positively identified and a drastically increased miscalculation error followed. When a shrinkage value of 2.0 was used, the resulted cross-out validation probability by PAM was 1, showing that W6380N is more like a tumor tissue. The use of 2.9 as a shrinkage value still led to a probability of 78%, but at this point, the healthy control samples (6503N and 5861N) as well as some tumor samples began to lose their clear identity. The fact that W6380N was not classified as a non-tumor tissue agrees with our histology and enzyme analysis. H&E staining demonstrated clear tumor Table I . RT-PCR primers and probe sequences for selected genes.
Forward primer sequence Reverse primer sequence Reporter probe sequence Table II . Quality control data for RNA and microarray samples. 
a N refers to non-tumor tissues; T refers to tumor tissues.
- 
infiltration into the normal tissue, and the hexokinase activity for W6380N was significantly different from that of other non-tumor tissue (data not shown). These results indicate that an accuracy of more than 93% was achieved by using the genes in this study.
Upregulated and downregulated genes. Table IV shows some upregulated and downregulated genes. It is apparent that many classes of genes have been differentially expressed in woodchuck HCCs, including genes involved with transcription (e.g., ZNF6, EGR1, GTF2H4, CSDA), RNA processing (e.g., SYNCRIP, SIPI), DNA repair (e.g., H2AFZ, APEX1, H2AFY) and lipid metabolism (e.g., SCD, ELOVL6, DGAT2, CYP51A). Interestingly, a larger number of ribosomal proteins but RPL35, which constitute the ribosome organelles that catalyze protein synthesis, were upregulated (e.g., RPS18, RPL3). The 26 ribosomal proteins accounted for 59% in the translation-associated genes and 9% in the total number of genes that were differentially expressed in this study. Cell cycle regulators such as CDC2, CDK8, CDK4, CKS2, as well as CHES1, a checkpoint suppressor 1 gene, were found upregulated, while IGFBP2 (insulin-like growth factor binding protein 2) was significantly downregulated (4.8-fold). Apoptosis induction genes such as BCLAF1 (BCL2-associated transcription factor 1), PDCD4 (programmed death factor 4) were also found upregulated in woodchuck HCCs. Some genes were involved in the ubiquitin-proteasome pathway (e.g., PSMA7, PSMD10), and all these genes were upregulated in HCCs. It was also noted that the liver specific metallothionein genes (e.g., MT2A, MT1F, MT1G, MT1H, MT1X) that detoxify heavy metals were downregulated in the woodchuck HCCs, in correlation with human HCC (10,11) and prostate cancer (12, 13) . All these genes are located in 16q13 position in the human chromosomes as shown in Table IV . Table IV . Selected genes that are differentially expressed. Table IV . Continued. Notably, genes related to cell adhesion/cytoskeleton organization also formed a dominant gene group. Among these genes, collagen associated genes such as COL1A1, COL1A2, COL4A2, metallopeptidase related genes such as ADAM10, as well as tubulin related genes such as ubiquitous ·-tubulin (K-ALPHA-1) were upregulated, while PCDHA9, a protocadherin · 9 gene, was downregulated. Upregulation of COL1A1, COL1A2 has been observed in human gastric carcinoma (14) and HCCs (15), respectively. A direct comparison of the surrounding hepatic portion of the HCC liver with the healthy control liver by SAM also showed the upregulation of COL1A1 in this study, probably indicating the roles of this gene in the early events of tumorigenesis.
In this study, the expression levels of 6 genes were altered by more than 5-fold. ProSAPIP1 (proline rich synapse associated protein interacting protein 1, undefined functions), had the highest upregulation of 7.3-fold followed by ELOVL6 (elongation of long chain fatty acid, 5.77-fold) and ZNF6, a zinc family protein associated with transcription. SAT (spermidine/spermine N1-acetyltransferase), which is the rate limiting enzyme in polyamine catabolism and decreases cellular spermidine/spermine pools, had a 6.2-fold decrease, only second to the last of IMP-2, an insulin-like growth factor 2 binding protein. Another downregulated gene, ASS (argininosuccinate synthetase) has a role in urea metabolisms.
More importantly, among the genes identified in this study, numerous genes (≥63) have been reported in human HCC. In particular, microarray studies performed on hepatitis B viruspositive hepatocellular carcinoma (10, 11, (15) (16) (17) have discovered many interesting genes, e.g., ALDH6A1 (aldehyde dehydrogenase 6 family, member A1), one of the superfamily of NAD(P)(+)-dependent enzymes implicating a role in the valine and pyrimidine catabolic pathways (15) , and Ran, a member of RAS oncogene family (16) . Other biological techniques have also identified some differentially expressed genes in human HCC, including CSDA (18), CSK (19) , CYP51A1 (20) , JUNB (21), TYMS (22) , which will be analyzed further in the Discussion.
Quantitative RT-PCR results.
To validate our microarray data, quantitative RT-PCR analysis was performed. Due to the limited number of sequenced woodchuck genes (around 600), we selected 10 sequenced genes for RT-PCR study, including genes involved in glycolysis and the tricarboxylic acid cycle (GCKR, IDH3B, and ADH1), fatty acid metabolism (FACVL1, CPT2, HMGCS2, SCD, ELOVL5) and hepatocellular carcinogenesis (AFP). As shown in Table V, 3 woodchuck genes (SAT, IDH3B, SCD) that were differentially expressed in the microarray match perfectly with RT-PCR. Three woodchuck genes that were not differentially expressed in microarray (FACVL1, GCKR, ELOVL5) correlate well with the RT-PCR results in ≥50% samples, assuming that like in microarray, RT-PCR has no significant change if the fold change is less than 1.5. Similarly, the gene expression levels of CPT2 and ADH1 had no consistent change in RT-PCR as shown in microarray. Although some genes showed upregulation (e.g., AFP) or downregulation (HMGCS2) only in RT-PCR, the correlation to the microarray result was still observed in some of the samples (especially for AFP). AFP is clinically used as a serum marker correlating with advanced stages of HCC (23) , its upregulation in RT-PCR is consistent with expected results.
Discussion
The high overall incidence and death rate of hepatocarcinoma have prompted the development of reliable methods for early detection and effective treatment of this fatal disease. 
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In this study, we used human microarray chips to detect the differentially expressed genes between liver tumor and nontumor liver tissues in the woodchuck model of HCC and to gain new insights into the molecular mechanisms of biological process underlying the development of HCC for identifying possible markers for early diagnosis as well as for effective treatments.
Gene chip data analysis. Due to absence of native gene chips for woodchucks, we used human microarrays to study the gene expression profiles in woodchuck HCC. It was found that over 10% of the total probe sets (>5500 probe sets) in the human array could be statistically detected on the woodchucks, suggesting that their corresponding gene sequences in humans and woodchucks may be conserved. Furthermore, alteration of the expressions of some genes in tumors could also be detected by using this microarray technique. We thus believe that the cross-hybridization method can be applied to the woodchuck model of HCC. Analyses of gene expression profiles are not always straightforward because of the high-dimensional nature of the data set. An accurate and reliable data analysis is required to identify a robust set of genes to discriminate HCC from non-tumor liver tissues. Supervised and unsupervised methods are two commonly used strategies for gene expression analysis. Unsupervised method like hierarchical clustering can analyze all the microarray data to reveal the gene expression or array information, whereas supervised analysis is commonly used to identify groups of genes that are associated with biological or pathological features (24) . In our previous study, GCOS was used solely for pair-wise data analysis (9) . However, a straightforward statistic analysis method is required to differentiate the significantly changed genes from both paired and non-paired specimens. In the present study, SAM, a W5904  W6361  W6380  W6337  W6384  W7034 - 
--------------------------------------------------------
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a RT-PCR results are for glucokinase regulatory protein (GCKR).
supervised analysis method, was further used to find the significantly altered genes based on the GCOS analysis results. A further application of hierarchical cluster and PAM analysis examined the data analysis accuracy and showed only one misclassification. However, this tissue sample labeled as non-tumor (W6380N) was classified more like a tumor tissue, correlating with our histology data and hexokinase activity assay (data not shown). Hence, we were able to achieve an accuracy of ≥93% by using the 289 genes identified by SAM. The combined use of supervised and unsupervised studies made our data analysis more reliable and robust, and offered more insights into the sample information.
As shown in Table V , RT-PCR results matched well with microarray for the selected 3 differentially expressed genes (SAT, IDH3B, and SCD). Five other genes that were not differentially expressed in microarray (FACVL1, GCKR, ELOVL5, CPT2 and ADH1) also showed no consistent change in RT-PCR. Although some genes like AFP and HMGCS2 showed either upregulation or downregulation only in RT-PCR results, this discrepancy may be contributed to the difference in the woodchuck and human gene sequences, as the signal intensities of these disparate genes in the microarrays were always low. In this study, microarray data analysis first started with the detection of the 'presence' or 'absence' status of genes in the microarray statistically in GCOS, followed by the detection of the gene expression changes in each pair and subsequent determination of the robustly changed and present genes according to the rules described previously in Materials and methods. Based on this, supervised and unsupervised methods were further used to determine the significant genes. The use of such a stringent analysis strategy as well as the RT-PCR results especially of the differentially expressed genes can ensure the validity of our microarray results. Further investigation will be necessary to clarify the differences between the RT-PCR and microarray results on these two genes.
Differentially expressed genes in woodchuck HCC and the correlation with human data. In this study, many classes of genes were found differentially expressed, and involved in immune-response, detoxification, DNA replication/transcription/repair, RNA processing, signal transduction, cellcell interaction/cell adhesion and metabolism. Hepatitis virus B encoded protein X (HBx) has been proved to be a transactivator, and plays essential roles in pathogenesis via stimulating cell proliferation, reducing DNA repair, inhibiting apoptosis as well as activating various signaling pathways (25) . Considering the similarity of human HBV and woodchuck WHV in structure and replicative cycles (4), as well as the conservation of HBx protein among the mammalian hepadnaviruses (26), the observed upregulation of ribosomal, proteasomal and transcriptional genes may be caused by woodchuck hepatitis virus encoded protein, in correlation with the sage transcript analysis of normal primary human hepatocytes expressing oncogenic HBx (27) . For example, HBx can interact with PSMA7, a proteasome subunit, and with the ERCC2 and ERCC3 subunits of the basic transcription factor GTF2H4 (28, 29) . Furthermore, several of the upregulated genes in the woodchuck HCCs with other biological functions may also be related to viral infection. SYNCRIP, a heterogeneous nuclear ribonucleoprotein (hnRNP) for RNA processing, was found to positively regulate mouse hepatitis virus (MHV) RNA synthesis (30) . The binding of HBx to the mitochondrial VDAC3, a voltage-dependent anion channel for transport upregulated in this study, induced reactive oxygen species (ROS), which in turn contribute to pathogenesis (31) . Heat shock protein 60 (HSP60) and heat shock protein 70 (HSP70) were shown to be the cellular target of HBx (29) . CDK4, a cell cycle kinase, was elevated in response to HBx infection (25) . These studies show that HBx can interact with multiple cellular genes, stimulating hepatocytes growth and thus, contributing to HCC development.
Among the genes found in this study, IGFBP2 and IGF2BP2 (IMP-2), two insulin-like growth factor related binding proteins, were highly downregulated (4.8-and 7.7-fold, respectively). The downregulation of IGFBP2 was also reported in human HCC (15) . The reduced IGFBP expression may cause the overexpression of either IGFs and/or IGF-I receptor (IGFIR), which induce cell transformation and subsequent carcinogenesis by promoting cell cycle progression and inhibition of apoptosis. It is also interesting to note that the downregulation of the metallothionein genes in woodchuck HCCs may result in metal or ROS accumulation in hepatocytes, a condition associated with liver carcinoma, since these proteins serve to detoxify heavy metal ions such as Pt, Cu, Zn and Hg and scavenge ROS. Furthermore, their downregulation level was shown to correlate to the degree of histological differentiation and increased with increasing tumor stage in HCC (32) . It is likely that the blockage of the detoxification system is a common pathway during carcinogenesis and/or progression of B-type HCC (11) . Genes that are involved with clotting-fibronolytic pathway such as SERPING1 (serpin peptidase inhibitor, C1 inhibitor, member 1) and FGG (fibrinogen gamma) were abnormally expressed, suggesting their link to thromboembolism and cancer (33) . Metal transport, blood coagulation and immune response may be associated with early-state liver carcinogenesis.
HBx has been found to activate many signal transduction cascades, including the Ras/MAPK, JNK, NF-κB, and Srcdependent pathways to initiate or promote tumor formation (31) . MAPKAP1 (mitogen-activated protein kinase associated protein 1), upregulated in woodchuck HCCs, is a negative regulator of MEKK2 signaling and JNK-AP-1 pathway (34, 35) . PTEN (phosphatase and tensin homologous on chromosome 10), a tumor suppressor gene frequently mutated or deleted in a number of malignancies including human HCC, negatively regulate AKT/PKB signaling pathway. PTEN was also found to inactivate PKC, MAPK and MAPK kinase, which, in turn, eventually downregulates IGF-II expression caused by HBx during the formation of HCC (36) . CSK (Src kinase), upregulated probably by HBx, is known to activate Ras and stimulate HBV replication (29) . HHIP, a hedgehog interacting protein, was found downregulated in this study, in agreement with a recent report in human HCC (37) , suggesting the possible involvement of hedgehog signaling pathway in the WHV induced woodchuck HCC. Furthermore, FKBP1A, NPM1 may be involved with the NF-κB signaling pathways. Wnt signal pathway was reported to contribute to early events in HCC formation (38) . However, the downregulation of ß-catenin TNNB1 as well as the upregulation of CXXC4 and CSNK2B, two negative regulators of the Wnt signaling pathway that enhance ß-catenin degradation, suggests that Wnt signaling pathway may not play an important role in the woodchuck HCC.
Among the downregulated genes identified in this study, some are known as tumor suppressors in human HCC or other tumors, implicating their crucial roles in woodchuck HCC formation. For example, EGR1 (early response 1), SPRY2 (sprouty homology 2 in Drosophila) and JUNB (jun-B protooncogene) were downregulated in human HCC (17, 21, 39) , while gene loss (SMARCA2) (40) , mutation (ETV6, MCC) (41, 42) , expression loss or reduction (ARMCX3, immune response gene) (43) , were observed in human lung, prostate, colon, pancreas and ovarian cancers. Of interest, MCC (mutated in colorectal cancers) may be involved in early stages of colorectal neoplasia and blocks cell cycle progression from the G0/G1 to S-phase. Ribosomal protein L10 (RPL10), a putative suppressor gene, was upregulated in woodchuck HCCs, in coincidence with a report in prostate cancer cells (44) . On the other hand, some upregulated genes in woodchuck HCC have been found to promote the formation of human HCC or other tumors. Among them is CSDA (cold shock protein), which can induce cell proliferation, transformation and genomic instability, contributing to hepatocarcinogenesis (18) . H2AFZ (H2A histone family, member Z), upregulated in human HCC (17) , is localized to the promoters of cyclin genes and induce their expression (45) . The mutagenic or oncogenic APEX1 gene, encoding APEX nuclease 1 (multifunctional DNA repair enzyme) for base-excision repair and transcription, was elevated in 72% osteocarcinoma and associated with the patient survival time (46) . Its chronic overexpression may facilitate peroxisome proliferator-induced HCC in rats (47) . The metabolic ALDH genes such as ALDH6A1 may be related to the formation of hepatocarcinoma (48) .
Some genes found in this study are potential markers in human HCC. For example, ETS1 has been linked to HCC progression, invasion and metastasis (49), whereas claudin-10 predicts disease recurrence after curative hepatectomy (50) . The presence of PTEN may correlate with tumor grade and metastasis in HCC (51) . CSE1L, a Ran-binding protein involved in nuclear transport (export), as well as in the mitotic spindle checkpoint for genomic stability during cell division, is strongly expressed in poorly differentiated hepatocellular carcinoma (49) . Increased expression of CDK4 and CKS2 may be associated with poor human HCC prognosis (2). CDC2 overexpression seems to play a crucial role in modulating the cell cycle progression and cell proliferation of HCC, and significantly predicts recurrence (49) . Higher expression of ubiquitination genes in human HCC such as PSMD10 (a subunit of the 26S proteasome), was highly correlated with cell proliferation and survival of patients (2) . Enhanced activation of ubiquitin-dependent protein degradation may selectively degrade critical proteins such as cell cycle inhibitor RB and account for deregulation of cell cycle control and faster cell proliferation. Not surprisingly, anti-apoptotic genes such as PTMA, SET, YWHAH, and YWHAQ, were highly expressed in woodchuck HCC, in accordance with human HCC (2) . In addition to inhibiting apoptosis, both PTMA and SET also work as part of the inhibitor of acetyltransferase complex that regulates histone modification and gene expression, suggesting their multiple roles in hepatocarcinogenesis (2) . Other genes including YY1 (52), SIP1 (53), EIF5A (54), MTDH (55) were shown to be potential markers in a variety of other tumors. Genes contribute to tumor progression and/or metastasis by mediating the overexpression of MMP proteins for extracellular matrix degradation (ETS1), E-cadherin (YY1, SIP1), protein translation (EIF5A), cell-cell interaction (MTDH) as well as cell cycle progressions (CDK4, CDC2). NPM1 (nucleolar phosphoprotein B23, numatrin), which is upregulated in human HCC (17) , is involved in centrosome duplication, and may be closely associated with tumor aneuploidy (56) .
Important genes involved in HCC could be further identified by expanding these analyses to tumor treatment. MARCSKL1 (MARCKS-like 1) (57), RPL6 (58) as well as some metallothionein genes were found associated with drug resistance or tolerance (32) . In particular, APEX1, POLH (polymerase eta) were involved in cellular tolerance to cisplatin-or H 2 O 2 -induced apoptosis (59, 60) . In contrast, some differentially expressed genes can be potential intracellular targets for cancer chemotherapy. It was found that vitamins K2 and K3 can induce potent antitumor effect on HCC, at least in part, by significantly reducing CD1 and CDK4 expression levels and inducing G1 arrest of the cell cycle (61) . The antitumor activity of 3'-ethynyl nucleosides against human solid tumors is dependent on the uridine-cytidine kinase 2 (UCK2), which was upregulated in this study (62) . Thymidylate synthase (TYMS), a gene upregulated in human and our woodchuck HCC, is considered to be the primary site of action for 5-fluorouracil, 5-fluoro-2-prime-deoxyuridine, and some folate analogs (22) . Nonsteroidal anti-inflammatory drugs (NSAIDs) and synthetic alkylated polyamine analogs strongly induce SAT enzyme activity, and appear to function as anti-neoplastic agents (63) . Recently, cyclopomine, a steroid alkaloid that inhibits Hedgehog signaling by binding to smo, was used to efficiently inhibit cell proliferation and increase apoptosis in hepatocytes (37) .
Potential markers. In this study, genes related to lipid metabolism are particularly of our interest, as we aim to develop potential tracers for PET imaging. DGAT2, responsible for triglycerides, stearoyl-CoA desaturase (SCD), the rate-limiting enzyme in the synthesis of unsaturated fatty acids, and ELOVL6, which controls the rate of elongation of fatty acids, were all upregulated in woodchuck HCCs. Another upregulated gene, CYP51A1 (cytochrome P450, family 51, subfamily A, polypeptide 1), encoding monooxygenases which participate in cholesterol synthesis, were positively associated with HCC tumor size, and the expression of specific CYPs was altered in conjunction with progression of HCV-associated HCC (20) . A 7.9-fold overexpression of acetyl-CoA synthetase 2 (Thiokinase) (ACSS2) was also observed in RT-PCR (data not shown), which agrees with the literature (64) . This cytosolic enzyme catalyzes the activation of acetate for use in lipid synthesis and energy generation by producing acetyl-CoA from acetate. In contrast, HMGCS2 (3-hydroxy-3-methylglutarylCoenzyme A synthase 2), ACAA2 (acetyl-coA acyltransferase 2), SLC27A2 (fatty acid transporter) were downregulated in this study. These gene chip results suggest that fatty acid synthesis may play an important role in hepatocellular carcinoma. Some reports have shown that [ 11 C]-acetate can achieve high quality image, due to the enhanced lipid synthesis in the plasma membrane. The roles of fatty acid in [ 11 C]-acetate imaging are under investigation. As an initial screening for differentially expressed genes, this microarray study found 211 upregulated genes in the woodchuck HCCs, some of which can be possible molecular imaging targets for hepatocellular carcinoma. For example, immunosuppressive (65) and anti-cancer (66) drugs that target FKBP1A (FK506 binding protein 1A, 12 kDa) are currently available. It was also reported that Eve-1c and Eve-1d, which are 397 and 420 amino acids respectively, can bind to ADAM10 (67), a disintegrin and metalloproteinase 10 (ADAM10), which is a surface protein and plays roles in cleavage of cadherins, cell-cell adhesion, migration, and ß-catenin signaling (68) . These upregulated genes in the woodchuck HCC can thus be targeted for imaging purposes by radiolabeling their available antibodies or ligands.
Conclusions. In this study, microarray studies on 14 woodchuck samples were performed, and 289 genes involved in different biological functions were identified by using a robust analysis approach. Many genes in woodchucks were found differentially expressed in human HCC, and many were reported in other human tumors while their expressions in human HCC would be worthy of investigation. The gene expression profiles reported in this study show that hepatitis virus encoded protein plays an essential role in carcinogenesis by deregulating multiple classes of genes associated with ribosomal translation, proteasome degradation, transcription and other binding proteins. Multiple signaling pathways were found to be activated by the viral infection, contributing to tumor development. Tumor suppressor genes such as EGR1, SPRY2, PTEN, oncogenes such as CSDA, H2AFZ, APEX1, and molecular markers such as ETS1, claudin 10, CDK4, transcription factor YY1 may play important roles in tumor development, growth and metastasis. Genes like MT1F, ALDH and APEX1 have found to be related to anti-drug resistance mechanism, the modulation of their level will show significance in tumor treatment. For example, strong downregulation of APEX1 can stop cell proliferation and activate apoptosis (69) . Furthermore, CDK4, TYMS, and SAT can serve as potential targets for effective HCC chemotherapy. These human microarray results provide the foundation for our imaging work to explore the woodchuck model of virus-induced hepatocellular carcinoma. Future work will include SAGE transcript analysis or woodchuck gene sequencing to further confirm our results. We will also investigate the regulation of pathways involving PET imaging tracers using enzyme assays and immunohistochemistry. Additional efforts will be focused on developing new radiolabeled antibodies and/or ligands for the imaging targets that were differently expressed in woodchuck HCC.
